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Abstract  
Gelation of colloidal nanocrystals (NCs) emerged as a strategy to preserve inherent nanoscale 
properties in multiscale architectures. Yet available gelation methods still struggle to reliably 
control nanoscale optical phenomena such as photoluminescence and localized surface plasmon 
resonance (LSPR) across NC systems due to processing variability. Here, we report on an 
alternative gelation method based on physical inter-NC interactions: short-range depletion-
attractions balanced by long-range electrostatic repulsions. The latter are established by removing 
the native organic ligands that passivate tin-doped indium oxide (ITO) NCs while the former are 
introduced by mixing with small polyethylene glycol (PEG) chains. As we incorporate increasing 
concentrations of PEG, we observe a reentrant phase behavior featuring two favorable gelation 
windows; the first arises from bridging effects while the second is attributed to depletion-
attractions according to phase behavior predicted by our unified theoretical model. The NCs 
remain discrete within the gel network, based on X-ray scattering and high-resolution transmission 
electron microscopy. The infrared optical response of the gel is reflective of both the NC building 
blocks and the network architecture, being characteristic of ITO NC LSPR with coupling 
interactions between neighboring NCs.       
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Introduction 
Nanocrystals (NCs), owing to their unique and highly tunable optical properties(1-5), hold promise 
as key constituents in next-generation optoelectronic materials and devices(1, 6-10). Rich 
opportunities to enhance and diversify materials functionality motivate the development of 
multiscale NC architectures via bottom-up approaches(11) because the collective properties of NCs 
in assemblies depend on their organization. Nanoscale optical phenomena such as 
photoluminescence (PL) and localized surface plasmon resonance (LSPR) are especially 
responsive to electronic and electromagnetic coupling arising between NCs in close proximity. 
This effect is reflected in the optical properties of extended and dense NC assemblies with a high 
degree of inter-NC connectivity (e.g., superlattices(12, 13) and films(14)), which deviate from those 
of their isolated components. Low density NC gel networks, where inter-NC bonding is 
constrained to moderate and controlled coupling, also have the potential to exhibit properties both 
dependent on their self-assembled architecture and reflective of their nano-sized building blocks. 
This potential has been realized for semiconductor quantum dot gels and aerogels(15), which exhibit 
excitonic PL red-shifted from the luminescence of isolated quantum dots due to energy migration 
through the gel network. However, nanoparticles (NPs) of plasmonic metals such as gold or silver 
have fused into wire-like networks when assembled into gels, obliterating the LSPR optical 
response characteristic of the isolated NPs(16, 17). We sought a new strategy for gelation using 
physical bonding interactions to target gel assemblies of discrete LSPR-active metal oxide NCs, 
which we hypothesized could be maintained as discrete LSPR-active building blocks if assembled 
in this way. Our approach is not specific to the chemistry of the NCs employed and could 
potentially enable a broad class of gels assembled from diverse nanoscale components capable of 
reflecting their individual properties. 
Briefly, gelation is achieved by balancing attractions and repulsions in colloidally stable NC 
dispersions. In previously published examples, these interactions are simultaneously tuned by 
progressive oxidative ligand removal or controlled chemical bridging between surface bound 
species and linking agents (e.g. ions or molecules). The former has been adapted across noble 
metal(16, 18-21), metal chalcogenide(22-26), and metal oxide(27-31) systems, but this method is prone to 
fuse NCs during assembly and consequently limits the realization of size and shape-dependent NC 
optical properties (i.e., PL and LSPR) within the gels. While gelation via chemical bridging is a 
viable strategy to mitigate NC fusing, translating this approach across NC materials requires 
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customizing surface functional groups for specific NC compositions, so far limited to metal 
chalcogenide NCs(32, 33) and Au NPs(17). However, even this approach did not prevent fusing of Au 
NPs with a concomitant loss of LSPR response. Among the sparse reports on metal oxide NC gels, 
gelation has been most often achieved by fusion upon ligand-removal(29-31) or by triggering the 
entanglement of concentrated anisotropic NPs: chains of pre-destabilized titania (TiO2) NC(28, 34-
36) form gels upon heating while tungsten oxide (W18O49) nanowires(37) and yttria (Y2O3) 
nanosheets(38) form gels upon centrifugation. Once more, this approach offers limited control over 
gel structure and thereby the associated properties, and it cannot be easily generalized to assemble 
discrete isotropic metal oxide NCs.  
In light of these limitations, we were motivated to develop an alternative route for NC gelation 
based upon non-specific physical interactions by combining depletion-attractions and electrostatic 
repulsions. Previous studies have demonstrated that this combination can help drive the gelation 
of polymer colloids(39-41) and the assembly of proteins (into gels(42), clusters(43), and crystals(44, 45)), 
and hence it holds potential for tunable gelation of NCs. Conceptual understanding of the strength 
and the range of depletion attractions requires consideration of only a few parameters: the 
concentrations of the primary colloid and the depletant (smaller, weakly interacting co-solute) and 
their relative dimensions. The addition of long-range repulsions to depletion interactions can favor 
“open” gel structures as opposed to dense colloidal phases(46-48). Therefore, a method to 
controllably introduce repulsive forces, here electrostatics, is needed to realize NC gelation via 
physical depletion-attractions.  
In this study, we demonstrate the polyethylene glycol (PEG)-mediated gelation of tin-doped 
indium oxide (ITO) NCs stripped of their native ligand shell. Electrostatic stabilization enables 
inter-NC repulsions while introducing short-chain PEG triggers depletion-attractions. We 
investigate the influence of PEG concentration ([PEG]) on competing inter-NC interactions for a 
fixed ITO volume fraction, and we observe two gelation thresholds at distinct [PEG], each 
preceded by a fluid regime (i.e., flowing dispersion) of discrete ITO NC clusters. Since PEG is 
known to adsorb onto acidic metal oxide surfaces, we attribute the emergence of a first gelation 
window at low [PEG] to bridging of neighboring NCs by PEG chains while the higher [PEG] 
gelation window is attributed to depletion-attractions. To support our assertion and assess the 
gelation mechanism, we compare our experimental results to thermodynamic phase behavior 
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predictions from a unified theory formulated to capture polymer-mediated bridging and depletion-
attractions. Because depletion gelation effectively avoids the fusion of ITO NCs and uncontrolled 
aggregation, we achieve an optically active and transparent gel with LSPR similar to that of the 
isolated ITO NCs, but shifted and broadened by inter-NC coupling. To explore influence of 
assembly on optical properties, we perform far-field and near-field electromagnetic simulations 
based on structural information extracted from small-angle X-ray scattering (SAXS). Our 
simulation results predict near-field enhancement manifested as “hot spots” within the gel network 
that may be leveraged in future studies for energetic coupling between LSPR and molecular 
vibrational modes(49), or other optical transitions(50).  
Results and Discussion 
ITO NCs with an average radius RITO of 2.83 ± 0.36 nm (SI, Fig. S1 illustrates sizing analysis 
based on scanning transmission electron microscopy (STEM)) were synthesized following a 
procedure adapted from the literature(51, 52) (see Materials and Methods). Charge-stabilized ITO 
NCs are obtained by chemically removing the native oleate/oleylamine ligands on the NC surface 
in the presence of nitrosonium tetrafluoroborate(53) (see Materials and Methods). During this 
process, the NCs undergo a phase transfer from hexane to a polar aprotic dimethylformamide 
(DMF) phase without any signs of etching or morphology change (Fig. 1a and b). The integrity of 
the ITO NC cores is confirmed with dynamic light scattering (DLS) since the measured 
hydrodynamic diameter of ITO in DMF is 6.5 nm, close to the diameter of the NCs measured by 
STEM (SI, Fig. S2). Ligand-stripping from the ITO surface is assessed with Fourier transform 
infrared (FTIR) spectroscopy and zeta potential measurements. As shown on Fig. 1c, the 
characteristic oleic acid and oleylamine bands corresponding to -CH2 (2922 and 2851 cm-1) and 
=CH (3005 cm-1) vibrational modes(54) are absent in the FTIR spectrum of ligand-stripped ITO. 
Unlike ligand-capped ITO NCs dispersed in non-polar solvents, the bare NC dispersion exhibits 
strongly positive zeta potentials in both acetonitrile (ACN) and DMF while retaining colloidal 
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stability (Fig. 1d and SI, Fig. S2). This change in NC surface charge has been previously attributed 
to uncoordinated metal cations exposed upon removal of anionic ligands(53, 55).  
 
 
 
 
 
 
 
 
 
 
 
 
Our NC gelation strategy leverages physical bonds formed by balancing long-range electrostatic 
repulsions due to surface charge and short-range attractions induced by depletants, aiming to create 
stable open, arrested, and percolated networks. Short PEG polymer chains (Mn= 1100 g/mol) were 
selected as depletants based on the following criteria: the need for a co-solute with a radius of 
gyration, Rg PEG, smaller than RITO, PEG’s ability to raise the osmotic pressure in solutions(56), and 
PEG’s compatibility with polar aprotic solvents. Although PEG dissolves in both DMF and ACN, 
the latter has a Hildebrandt solubility parameter closer to the one of PEG(57, 58) and was therefore 
chosen as the solvent matrix for our ITO-PEG gels. In fact, PEG precipitates in DMF within a 
couple of days at concentrations of 664 mg/ml while no signs of precipitation are observed for 
PEG in ACN solutions of the same concentrations for over one year (SI, Fig. S3). Moreover, we 
estimated Rg PEG of these PEG chains in ACN to be 0.98 nm from SAXS sizing analysis (SI, Fig. 
S4) to ensure that the depletant size criterion would be fulfilled. This value is in good agreement 
with the expected Rg PEG of PEG (Mn= 1100 g/mol) from literature(59). Previous studies on polymer-
induced depletion-attractions have shown that the strength of the attraction is tunably increased as 
Figure 1. Surface modification of ITO NCs. a) Transmission electron microscopy (TEM) of as-
synthesized ITO NCs, b) TEM of ligand-stripped ITO NCs, c) FTIR comparison of as-synthesized (blue) 
and ligand-stripped (green) ITO NCs. The sloping profile in the spectra corresponds to absorption due to 
LSPR, and d) zeta potential comparison of as-synthesized ITO NCs dispersed in hexane (blue) and ligand-
stripped ITO NCs dispersed in ACN (green). 
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a function of depletant concentration, which in turn dictates the extent of the network’s 
connectivity(40, 46), affecting gel structure and any properties dependent on the local environment 
and valence of the NCs in the network. Since colloidal NC depletion gels have not been previously 
reported, the conditions to induce gelation were discovered by varying the amount of PEG for a 
constant ITO volume fraction. Here, we introduce various amounts of PEG into charge-stabilized 
ITO NC dispersions in ACN of fixed volume fraction (see Materials and Methods). 
Experimentally, as we progressively increase the PEG concentration at fixed ITO NC volume 
fraction (3.84 vol. % from inductively coupled plasma-atomic emission spectroscopy (ICP-AES), 
SI, Table S1), we observe a fluid (i.e., flowing dispersion) up to a first threshold for gelation at 
[PEG]= 46.0 mM, then reentrant behavior back to a flowing dispersion, followed by a second 
occurrence of a gel at [PEG]= 534 mM (Fig. 2 insets). 
 
To investigate the conditions that enabled gelation and to characterize the fluid regime, the ITO-
PEG mixtures formed at different [PEG] were probed with SAXS (see Materials and Methods). 
Figure 2. SAXS characterization of the ITO-PEG flowing dispersions and gels. a) Structure 
factor S(q) of flowing dispersion with [PEG]= 8.00 mM, b) S(q) of gel with [PEG]= 46.0 mM, c) 
S(q) of flowing dispersion with [PEG]= 85.8 mM, d) S(q) of gel with [PEG]= 271 mM, and e) S(q) 
of flowing dispersion with [PEG]= 534 mM. S(q) plots are accompanied with photographs insets of 
the corresponding ITO-PEG mixture. 
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Specifically, we examine the structure factor S(q) as a function of [PEG] by removing the form 
factor contribution to the SAXS data (see SI for more details and Fig. S5) to gain insight into the 
physical origins of the self-assembly. As a result, we identify two distinct interaction regimes (Fig. 
2). First, we note a prominent S(q) peak (q~0.023 Å-1, Fig. 2a) for the ITO-PEG flowing dispersion 
of lowest [PEG] emerging at a lower q than that indicative of NC-NC correlation (see SI, Fig. S6 
for full q range S(q)), thus characteristic of intermediate range order (IRO) in colloidal 
assemblies(48, 60, 61). Considering the IRO behavior of this ITO-PEG mixture ([PEG]=8.00 mM), 
we establish that competing short-range attractions and long-range repulsions frustrate large scale 
aggregation and lead to the formation of discrete ITO NC clusters (~270 Å length scale) dispersed 
in ACN. In addition, we observe similar IRO behavior for the [PEG]= 85.8 and 271 mM flowing 
dispersions. Although the S(q) peaks near q~0.02 Å-1 for the latter dispersions are less pronounced 
and broadened (Fig. 2c and d), likely due to an increase in attraction strength and cluster 
polydispersity, the presence of dispersed discrete ITO clusters is still apparent. Second, in all cases, 
we observe that S(q) diverges as q approaches zero suggesting systems dominated by attractions 
and thermodynamic compressibility(48, 60). In particular, the S(q) intensity at the lowest resolvable 
q is approximately an order of magnitude higher when gelation occurs compared to the S(q) 
intensity of all flowing cluster dispersions (Fig. 2b and e). Prior colloidal assembly studies(47, 62-64) 
have reported a comparable S(q) intensity increase (of an order of magnitude or larger) when a 
colloidal system transitions from a fluid state to a gel through spinodal decomposition.  
Further inspection of S(q) for both low and high [PEG] gels by employing Beaucage’s unified 
function(65-67) approach for complex structures provides insight into the structural hierarchy of the 
gels and their respective fractal dimension (Df). First, the number of apparent structural length 
scales along with their respective limits are determined from a derivative analysis (see SI, Fig. S7). 
Following this method, we identify two distinct structural length scales in the S(q) of the high 
[PEG] gel whereas the S(q) of the low [PEG] gel only exhibits one. Thereafter, our derivative 
analysis results guide the S(q) unified fitting of both gels (see SI, Fig. S8). While the S(q) of the 
[PEG] = 46.0 mM gel scatters as a mass fractal of Df = 2.2, the S(q) of the [PEG]= 534 mM gel is 
composed of a mid-q (0.04 Å-1 < q < 0.058 Å-1) scattering contribution from ITO clusters plus a 
low-q (0.01 Å-1 < q < 0.02 Å-1) scattering contribution attributed to the presence of a percolated 
ITO gel network (Df  = 2.09). For both low and high [PEG], we associate gelation with slow 
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bonding kinetics since the fitted Df values fall within the expected range (2.0-2.2) for reaction-
limited cluster aggregation (RLCA) systems(68-70).  
In the SAXS spectra of all [PEG], we observe the form factor of the discrete NCs, with fitting 
results yielding constituent particles with a radius of 2.95, 2.89, and 2.82 nm in the case of the 
lowest [PEG] dispersion, low [PEG] gel, and high [PEG] gel, respectively. This consistency 
suggests that the NCs remain discrete under all PEG-induced assembly conditions. The persistence 
of the discrete NCs is further supported by high-resolution transmission electron microscopy (HR-
TEM) imaging of a dried gel with [PEG] = 534 mM (SI, Fig. S9), where individual NCs are 
discerned, without apparent crystallographic continuity between adjacent NCs that would indicate 
fusing of NCs in the network. Scherrer analysis of X-ray diffraction (XRD) complements our 
observations by HR-TEM, where the crystallite size of the ligand-stripped NCs (6.19 nm for the 
(222) peak) is found to be comparable to the ITO crystallite size in the [PEG]= 534 mM gel (5.89 
nm for the (222) peak, see SI, Fig. S10), both of which are in turn consistent with diameters 
measured by STEM, SAXS, and DLS. Preventing NC fusion throughout the assembly process is 
particularly advantageous for depletion gelation since the attraction strength can be weakened by 
reducing the depletant concentration relative to the primary particle and, in principle, reverse 
gelation. We achieved the disassembly of the ITO-PEG gel ([PEG]= 534 mM) by adding 600 µL 
of ITO-PEG flowing dispersion ([PEG]= 8.00 mM) to dilute [PEG] in the mixture by a factor of 
three at a fixed ITO vol. % (Movie S1). A stable flowing dispersion is recovered by gentle manual 
agitation without using sonication or vortexing.  
 
Considering the [PEG]-dependent phase progression including a reentrant regime, we 
hypothesized that ITO NC assembly might be influenced by inter-NC attractions other than 
depletion-attractions. Specifically, we propose that, in addition to its depletant role, PEG can 
bridge adjacent NCs by adsorbing onto ITO surfaces. Because PEG chains are known to 
preferentially adsorb on acidic oxide surfaces (the isoelectric point (IEP) of the ITO NCs used in 
this work is between 4 and 5, SI, Fig. S11) via hydrogen bonding and subsequently aggregate oxide 
particles(71-73), we deduce that low PEG concentrations (e.g., [PEG]= 46.0 mM) can favor bridging 
gelation. It is worth noting that PEG adsorption on the ITO surface does not hinder the inter-NC 
long-range electrostatic repulsion necessary to form open depletion gels since ITO-PEG 
dispersions in ACN still exhibit a strong positive zeta potential (SI, Fig. S12). In this light, prior 
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work by Luo, Zhao, and co-workers(40, 74) described an analogous experimental phase progression 
in a polystyrene microsphere system where bridging and depletant effects are both operative. They 
showed the emergence of the following phase transition sequence as the concentration of the 
smaller adsorbing species (poly(N-isopropylacrylamide) or PNIPAM) in the system increases: 
bridging-induced aggregation à stabilization of discrete microspheres à depletion-induced 
aggregation. Moreover, they determined that since depletion-attraction interactions are only 
favored once the adsorbing molecules have saturated the colloidal surface and bridging attractions 
are hindered, the assembly mechanism (i.e., bridging or depletion) is highly sensitive to changes 
in the colloid-to-adsorbing molecule concentration ratios.  
 
 
 
 
 
 
 
 
 
 
 
 
 
To assess our proposed mechanism for reentrant gelation in ITO-PEG dispersions, we devised a 
theoretical model that is unique in possessing a unified description of bridging and depletion 
effects. The free-energy theory synergistically combines a well-accepted theoretical treatment for 
the Asakura Oosawa (AO) model (depletion) with the accurate Wertheim theory for strong 
association (bridging). Various physical parameters enter the theory: the NC to polymer diameter 
 
Figure 3. Comparison of theoretical model to experimental observations.  Theoretical phase diagram 
overlaid with experimental data points. Open circles represent experimental flowing dispersions and 
closed circles represent experimental observation of gels. Regions where bridging and depletion gelation 
are predicted to occur are delimited by lower and upper blue areas, respectively.   
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ratio (dNC/dP), the number of polymers that can adsorb onto the NC surface before saturation (nads), 
the number of NCs that a single polymer chain can bridge (nbind), and the polymer-NC thermal 
adsorption volume (v), which encapsulates the combined effects of adsorption energy, temperature 
and the spatial range of the attraction (see SI for more details). To specifically model our NC gels, 
for dNC/dP we use the experimental value of ~ 3, and for nbind we use the physically reasonable 
value of 2 based on the short PEG chains employed and ITO. For v and nads we explored various 
possibilities and the associated phase behavior, one example of which is shown in Fig. 3 for nads=30 
and v= 0.181 yielding a reentrant (liquidàgelàliquidàgel) phase diagram that is almost 
quantitatively in accord with the experimental results. Given our choices above for nads and nbind, 
zero-temperature mean-field theoretical calculations(75) indicate that the bridging regime should 
not exceed a polymer-to-colloid ratio of 435 at any volume fraction or value of v. Therefore, the 
first spinodally unstable regime with increasing depletant is driven by NC-polymer bridging 
(which saturates upon surface coating) and the second by depletion. Importantly, the phase 
diagram is always qualitatively the same for physically reasonable values of nbind: bridging gels 
form when the ratio of the number of polymers per NC (NP/NNC) is of order 10-100 and whereas 
of order 1000 is required for depletion—as seen in the experiments. 
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Our depletion-attraction assembled ITO-PEG gel formed at the highest [PEG] is optically active 
and exhibits an extinction spectrum reminiscent of that of the discrete ITO NC building blocks. 
As shown in Fig. 4a, the LSPR peak of the gel is slightly red-shifted (by 101 cm-1) from that of 
dispersed ITO NCs in ACN. We attribute the similarity between these spectra to our successful 
preservation of the NC’s integrity as they are integrated in the gel network, avoiding inter-NC 
fusion (see SI, Fig. S9-S10). The modest red-shift of the gel LSPR, its reduced peak intensity, and 
significant broadening towards lower energies compared to the spectrum of isolated NCs are all 
characteristic of LSPR coupling between NCs, as previously studied in extended assemblies, such 
as films, of colloidal metal NPs(76-78) and metal oxide NCs(49, 79, 80). Therefore, the perturbations in 
Figure 4. Experimental and simulated optical properties of ITO-PEG depletion gel. a) Experimental 
extinction spectra of ITO depletion gel ([PEG]=534 mM, blue) and ligand-stripped ITO NC dispersion 
(red), b) simulated extinction spectra of ITO depletion gel and ligand-stripped ITO NC dispersion, c) 
simulated near-field (NF) maps of ITO depletion gel and ligand-stripped ITO NC dispersion, and d) 
photograph of highly transparent ITO depletion gel under natural lighting against University of Texas 
Tower. 
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the gel LSPR suggest structure-dependent coupling interactions between ITO NC nearest 
neighbors.  
To confirm the influence of structure on the gel’s far-field optical properties and to anticipate their 
near-field optical properties, we simulated the optical response of an extended network composed 
of PEG-coated ITO octahedral clusters (10 nm in radius) with a NC volume fraction of 3.88 vol. 
%, similar to that we studied experimentally (see SI for more details). Although an idealized 
structural representation was used to ensure computational tractability, the simulated network was 
designed to approximate the experimentally measured NC volume fraction in the gel and the 
structural hierarchy ascertained from analysis of the SAXS data described earlier. As shown in 
Fig. 4b, the differences in the simulated extinction spectrum of the gel configuration and the ITO 
NC dispersion are in qualitative agreement with the ones found experimentally (Fig. 4a) and thus 
reflect NC-NC coupling interactions facilitated by the assembly of an extended gel network. Based 
on the simulations, we anticipated that such coupling effects should give rise to intense “hot spots” 
of greatly enhanced electric field intensity confined between NCs in the gel assemblies where the 
electromagnetic near-fields of neighboring NCs overlap. Simulated near-field maps shown in Fig. 
4c demonstrate the near-field enhancement under resonant optical excitation of the gel network.  
Altogether, these findings highlight that depletion-attraction gelation of discrete NCs leverages the 
LSPR sensitivity to the local NC arrangement to extend the NC’s intrinsic IR plasmonic range and 
diversify the optical response without suppressing the LSPR, and it allows generation of localized 
“hot spots”, thereby providing coupling opportunities to other optical transitions relevant to surface 
enhanced infrared absorption spectroscopy (SEIRA) and sensing applications(10, 49, 81) otherwise 
inaccessible in networks of fused NCs. 
 
Conclusion and Outlook 
 
The strategy described here demonstrates the potential for tunable gels based on reversible physical 
bonds, and with responsive optical properties. A basic requirement for optical materials is that 
scattering does not interfere with the absorption, reflection, and luminescence properties of 
interest. Our depletion-attraction strategy produces a highly transparent ITO gel that remains stable 
for over one year without developing haze noticeable to the eye (Fig. 4d). Obtaining transparent 
self-supported NC gels has remained a challenge in the field since most established gelation 
methods give rise to fast-growing networks of large aggregates (scatterers) that ultimately form 
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opaque gels. Instead, as alluded to earlier for our system, competing electrostatic repulsions and 
depletion-attractions favor slow bonding kinetics (RLCA) and thereby facilitate the formation of 
fractal aggregates with characteristic length scales smaller than the wavelength of visible light (Rg 
= 53 nm, SI, Fig. S8). Our results are consistent with a previous study by Korala and Brock(82) on 
the aggregation kinetics of CdSe NCs in which it was determined that simultaneously accessing 
the RLCA regime and suppressing large scale aggregation are necessary conditions to induce 
transparency in a NC gel. Accordingly, gaining insight into the interplay between inter-particle 
interactions, structure, and aggregation kinetics is key to rationalize and exploit the NC gel 
properties stemming from nanoscale building blocks.  
 
More generally, we showed how the combination of depletion-attractions and electrostatic 
repulsions can realize the assembly of ITO NC gels. While the addition of PEG mediates inter-NC 
attractions, competing long-range electrostatic repulsions resulting from ligand stripping 
encourage the formation of a self-supported gel rather than a dense and collapsed material. This 
model system was designed to investigate depletion-attraction interactions in colloidal NCs and 
develop a gelation strategy that should in principle be broadly applicable across NC systems. We 
observed the emergence of two gelation windows interspaced with flowing dispersion states of 
discrete ITO clusters. Transitioning from a flowing to a solid-like gel state was accompanied by a 
strong S(q) divergence and intensity increase at the lowest resolvable q, a characteristic of colloidal 
aggregation through spinodal decomposition reported in prior literature. In this regard, our 
theoretical phase behavior predictions, based on a unified bridging and depletion-attraction 
description that captured PEG’s affinity for oxide surfaces and ability to bridge adjacent ITO NCs, 
supported our experimental results and identified two spinodally unstable regions favoring 
bridging and depletion gelation at low and high [PEG], respectively. Moreover, we structurally 
differentiated the dominant assembly mechanism in each gel since we recognized two scattering 
length scales (NC < fractal gel) in the bridging gel as opposed to the three scattering length scales 
(NC < cluster < fractal gel) apparent in the depletion gel likely due to depletion-attractions acting 
on pre-assembled ITO clusters instead of discrete NCs.  
From an application perspective, we demonstrated the effectiveness of our depletion-attraction 
approach to produce an optically active gel featuring LSPR representative of the ITO NC building 
blocks by retaining the discrete NC morphology in the network, which has not been achieved with 
	   14 
previously reported gel processing methods for plasmonic NCs. By controlling the extent of 
aggregation in a RLCA regime, our gelation approach favored the formation of a transparent gel, 
showing no signs of visible haze or scattering. In addition, we compared our optical spectra from 
experiments to electromagnetic simulations to highlight near-field enhancement opportunities 
generated by nearest-neighbor coupling effects in the gel network, a promising feature that 
encourages further exploring NC gels as an alternative material for coupling applications. Finally, 
we envision that, extending our gelation approach to other NC systems could motivate further 
studies to improve our insight on structure-property relationships in assemblies to thus achieve 
systematic design of NC gel properties. We believe that our framework could also contribute to 
the development and diversification of multicomponent NC gels as a means to unlock even more 
complex NC gel functionality.  
 
Materials and Methods 
Materials. All chemicals were used as received and without further purification. Indium acetate 
(In(ac)3, 99.99% trace metal basis), tin (II) acetate (Sn(ac)2), oleylamine (technical grade, 70%), 
oleic acid (technical grade, 90%), N,N-dimethylformamide (DMF, ACS reagent, ³ 99.8%), 
nitrosonium tetraborofluorate (NOBF4, 95%), acetonitrile (ACN, ACS reagent, ³ 99.5%), nitric 
acid (ACS reagent, 70%), and hydrochloric acid were purchased from Sigma Aldrich. Hexane 
(ACS reagent, various methylpentanes 4.2%, ³ 98.5%), reagent alcohol (ethanol 88-91%, 
methanol 4.0-5.0%, Isopropyl Alcohol 4.5-5.5%), and toluene (³ 99.5%) were purchased from 
Fisher Scientific. Polyethylene glycol (PEG, Mn=1100 g/mol) was purchased from Polymer 
Source. 
ITO Nanocrystal Synthesis and Ligand-Stripping. ITO NCs were synthesized in an air-free 
environment using a standard Schlenk line technique following a procedure adapted from previous 
literature reports(51, 52). Briefly, 2.5 g (8.6 mmol) of In(ac)3 and 0.225 g (0.95 mmol) of Sn(ac)2 
were mixed with 10 mL of oleylamine, degassed under vacuum for 1 hour at 120 °C, and then 
heated to 230 °C under inert nitrogen atmosphere for 1 hour to nucleate and grow the NCs. After 
the reaction, the mixture was diluted with 5 mL of hexane and 1 mL of oleic acid and transferred 
to a centrifuge tube. The resulting ITO NCs were recovered and purified by performing five cycles 
of precipitation with reagent alcohol, centrifugation, and re-dispersion in hexane.  
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To remove the hydrophobic ligands bound to the ITO surface, 60 mg of NOBF4 were added to a 
two-phase mixture containing equal volumes of DMF (2 mL) and ITO dispersion in hexane (50 
mg/ml, 2 mL) following a procedure reported previously(53). The mixture was sonicated for 1 hour 
to promote the transfer of bare ITO NCs to the DMF layer. After a successful ligand-stripping 
procedure, the hexane layer turns clear and the DMF layer has a blue/green color. After discarding 
the hexane layer, the ligand-stripped ITO were purified by performing seven cycles of precipitation 
with toluene, centrifugation, and re-dispersion in DMF. 
 
Ligand-Stripping Procedure Characterization. NC hydrodynamic diameter and zeta potential 
before and after ligand-stripping were measured with a Malvern Zetasizer Nano ZS. Samples were 
prepared by diluting the NC dispersions to ~1 mg/ml and filtering them through a PTFE membrane. 
DLS samples were placed in a disposable plastic micro cuvette (ZEN0040, Malvern) while zeta 
potential samples were placed in a glass cuvette and measured with a dip cell (ZEN1002, Malvern). 
The IEP of ligand-stripped ITO NCs was determined by measuring zeta potential as a function of 
pH using Malvern’s MPT-2 autotitrator. Ligand-stripped ITO NCs were dispersed in 1 mM 
hydrochloric acid aqueous solution and titrated with a 0.1 M sodium hydroxide solution followed 
by a titration with a 0.1 M hydrochloric acid solution in a folded capillary zeta cell (DTS1070, 
Malvern). FTIR spectra of ITO NCs before and after ligands-stripping were recorded with a 
Burker-Vertex 70/70v spectrometer. The films were dropcasted from dilute dispersions (~ 1 
mg/ml) on calcium fluoride IR-transparent windows.   
 
ITO-PEG Assemblies. Purified ligand-stripped ITO NCs were dispersed in 8.00 mM (based on 
Mn=1100 g/mol) PEG in ACN solution (final concentration 3.84 % vol. by ICP-AES). The solution 
was stirred at 600 rpm for 48 hours to ensure colloidal stability and homogeneity. This mixture 
was used as a stock dispersion to obtain the higher [PEG] assemblies. Varying amounts of PEG 
were added to 300 µL aliquots of the ITO-PEG stock dispersion to form flowing dispersions or 
gels: 12.48 mg (final [PEG]= 46.0 mM), 25.62 mg (final [PEG]= 85.8 mM), 86.69 mg (final 
[PEG]= 271 mM), 173.43 mg (final [PEG]= 534 mM). After the final amount of PEG was added, 
each mixture was sonicated for one minute to dissolve the PEG. The dispersions were kept in 
sealed vials and remained unperturbed during the self-assembly process.  
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Microscopy (TEM and STEM). Samples were prepared by dropcasting 5 µL of dilute NC 
dispersion onto a copper grid (Pelco® ultrathin carbon-A 400 mesh, Ted Pella). The ITO-PEG gel 
([PEG]= 534 mM) was freeze-dried (immersion in liquid nitrogen for 1 min followed by vacuum 
drying for 15 min) and diluted with ethanol before dropcasting onto a copper grid. TEM images 
were captured on a JEOL 2010F TEM with a Schottky Field Emission source operated at 200 kV. 
Low resolution images used for NC sizing analysis were captured using a Hitachi S5500 in STEM 
mode at a 30 kV accelerating voltage.  
 
ICP-AES Measurement. The overall tin dopant concentration of the as-synthesized ITO NCs and 
the volume fractions of ITO dispersed in pure ACN (used for optical properties analysis in Fig. 4) 
and ITO gel ([PEG]=534 mM) were determined from ICP-AES data collected with a Varian 720-
ES ICP Optical Emission Spectrometer. The samples were digested in 70 wt. % nitric acid for 36 
hours. Measured standards and samples were diluted to 2 vol. % nitric acid in ultrapure Milli-Q 
water. 
 
SAXS Characterization. SAXS measurements were performed at the Lawrence Berkeley National 
Laboratory Advance Light Source (ALS) beamline 7.3.3 at 3.8 m sample-detector distance. A 
silver behenate standard(83) was used to calibrate the scattering spectra. All ITO-PEG samples were 
enclosed in flame sealed glass capillaries (Charles-Supper Company, Boron Rich, 1.5 mm 
diameter, 0.01 mm wall thickness) and measured in transmission configuration. Capillaries 
containing neat ACN were used for background subtraction. The Igor Pro-based Nika software(84) 
for two-dimensional (2D) data reduction was used for instrument calibration and to convert 2D 
detector data into 1D data by circular averaging. Additional data processing and analysis details 
are provided in the SI.  
 
XRD Characterization. XRD patterns were collected on a Rigaku R-Axis Spider using Cu K𝛼	  
radiation. The ligand-stripped ITO and ITO-PEG gel ([PEG]= 534 mM, identical sample measured 
by SAXS) were enclosed in glass capillaries and were measured in transmission configuration. 
Crystallite sizes were determined by Scherrer analysis and a lanthanum hexaboride (LaB6) 
reference provided by the National Institute of Standards and Technology (NIST) was used to 
correct for instrumental broadening (see SI, Fig. S10).  
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Unified Theoretical Bridging and Depletion Gelation Model. Phase diagram predictions utilize 
an approximate free energy expression for the Asakura Oosawa (AO) model modified to include 
short-range polymer-NC surface attractions. Formally, the free energy is decomposed as 𝑎 ≡𝑎%& + 𝑎()*   where 𝑎%&, and 𝑎()*  are the AO and excess bonding (from polymer-NC adsorption) 
free energy contributions. For 𝑎%& we employ the theory of Lekkerkerker et al.(85) and for 𝑎()*  we 
use Werthiem first order association theory(86, 87). Spinodal boundaries are identified from the 
Hessian matrix (𝑯) of partial derivatives with respect to polymer and NC densities by the 
satisfaction of det𝑯 ≤ 0. For more details, please see SI Section S2. 
 
LSPR Measurement and Analysis. Absorption spectra were collected on an Agilent-Cary 5000 
UV-Vis-NIR spectrophotometer and a Burker-Vertex 70/70v FTIR spectrometer. ITO NC 
dispersions at various volume fractions in pure ACN and the ITO-PEG gel were measured in a IR 
transparent liquid cell with CaF2 windows of 0.5 and 0.02 mm path length, respectively. To 
calculate the extinction cross section, the Beer-Lamberts law was used. To simulate the optical 
property of the ITO-PEG gel ([PEG]= 534 mM), an idealized PEG-coated ITO network was 
designed using the design module in COMSOL. For more details, please see SI Section S3. 
 
Acknowledgements  
This research was supported by the National Science Foundation (NSF) through the Center for 
Dynamics and Control of Materials: an NSF MRSEC under Cooperative Agreement DMR-
1720595. SAXS data were collected at the Advanced Light Source’s beamline 7.3.3 at the 
Lawrence Berkeley National Laboratory, a user facility supported by the U.S. Department of 
Energy (DOE) Office of Science under contract no. DE-AC02CH11231. G.K.O was supported in 
part by a NSF Graduate Research Fellowship under grant number DGE-1106400. Further support 
is acknowledged from the Welch Foundation (F-1848 and F-1696 and the NSF (CHE-1609656 
and CBET-1247945). The authors would also like to acknowledge Angela M. Wagner for her 
assistance with IEP measurement and Corey M. Staller for his assistance with ICP measurements. 
 
References 
	   18 
1. Talapin DV, Lee J-S, Kovalenko MV, Shevchenko EV (2010) Prospects of Colloidal 
Nanocrystals for Electronic and Optoelectronic Applications. Chem Rev 110(1):389–458. 
2. Giannini V, Fernández-Domínguez AI, Heck SC, Maier SA (2011) Plasmonic 
Nanoantennas: Fundamentals and Their Use in Controlling the Radiative Properties of 
Nanoemitters. Chem Rev 111(6):3888–3912. 
3. Agrawal A, Johns RW, Milliron DJ (2017) Control of Localized Surface Plasmon 
Resonances in Metal Oxide Nanocrystals. Annu Rev Mater Res 47(1):1–31. 
4. Pu C, et al. (2017) Synthetic Control of Exciton Behavior in Colloidal Quantum Dots. 
Journal of the American Chemical Society 139(9):3302–3311. 
5. Agrawal A, et al. (2018) Localized Surface Plasmon Resonance in Semiconductor 
Nanocrystals. Chem Rev 118(6):3121–3207. 
6. Runnerstrom EL, Llordés A, Lounis SD, Milliron DJ (2014) Nanostructured 
electrochromic smart windows: traditional materials and NIR-selective plasmonic 
nanocrystals. Chem Commun 50(73):10555–10572. 
7. Carey GH, et al. (2015) Colloidal Quantum Dot Solar Cells. Chem Rev 115(23):12732–
12763. 
8. Pietryga JM, et al. (2016) Spectroscopic and Device Aspects of Nanocrystal Quantum 
Dots. Chem Rev 116(18):10513–10622. 
9. Wang Y, Runnerstrom EL, Milliron DJ (2016) Switchable Materials for Smart Windows. 
Annu Rev Chem Biomol Eng 7(1):283–304. 
10. Jiang N, Zhuo X, Wang J (2018) Active Plasmonics: Principles, Structures, and 
Applications. Chem Rev 118(6):3054–3099. 
11. Boles MA, Engel M, Talapin DV (2016) Self-Assembly of Colloidal Nanocrystals: From 
Intricate Structures to Functional Materials. Chem Rev 116(18):11220–11289. 
12. Murray CB, Kagan ACR, Bawendi MG (2000) Synthesis and Characterization of 
Monodisperse Nanocrystals and Close-Packed Nanocrystal Assemblies. Annual Review of 
Materials Science 30(1):545–610. 
13. Chen C-F, Tzeng S-D, Chen H-Y, Lin K-J, Gwo S (2008) Tunable Plasmonic Response 
from Alkanethiolate-Stabilized Gold Nanoparticle Superlattices:   Evidence of Near-Field 
Coupling. Journal of the American Chemical Society 130(3):824–826. 
14. Wang H, Levin CS, Halas NJ (2005) Nanosphere Arrays with Controlled Sub-10-nm Gaps 
as Surface-Enhanced Raman Spectroscopy Substrates. Journal of the American Chemical 
Society 127(43):14992–14993. 
15. Ziegler C, et al. (2017) Modern Inorganic Aerogels. Angewandte Chemie International 
	   19 
Edition 56(43):13200–13221. 
16. Herrmann A-K, et al. (2014) Multimetallic Aerogels by Template-Free Self-Assembly of 
Au, Ag, Pt, and Pd Nanoparticles. Chem Mater 26(2):1074–1083. 
17. Wen D, et al. (2016) Gold Aerogels: Three-Dimensional Assembly of Nanoparticles and 
Their Use as Electrocatalytic Interfaces. ACS Nano 10(2):2559–2567. 
18. Bigall NC, et al. Hydrogels and Aerogels from Noble Metal Nanoparticles. Angewandte 
Chemie International Edition 48(51):9731–9734. 
19. Liu W, et al. (2015) Noble Metal Aerogels—Synthesis, Characterization, and Application 
as Electrocatalysts. Acc Chem Res 48(2):154–162. 
20. Naskar S, et al. (2017) Porous Aerogels from Shape-Controlled Metal Nanoparticles 
Directly from Nonpolar Colloidal Solution. Chem Mater 29(21):9208–9217. 
21. Nahar L, Farghaly AA, Esteves RJA, Arachchige IU (2017) Shape Controlled Synthesis 
of Au/Ag/Pd Nanoalloys and Their Oxidation-Induced Self-Assembly into 
Electrocatalytically Active Aerogel Monoliths. Chem Mater 29(18):7704–7715. 
22. Arachchige IU, Mohanan JL, Brock SL (2005) Sol−Gel Processing of Semiconducting 
Metal Chalcogenide Xerogels:   Influence of Dimensionality on Quantum Confinement 
Effects in a Nanoparticle Network. Chem Mater 17(26):6644–6650. 
23. Arachchige IU, Brock SL (2007) Sol–Gel Methods for the Assembly of Metal 
Chalcogenide Quantum Dots. Acc Chem Res 40(9):801–809. 
24. Mohanan JL, Arachchige IU, Brock SL (2005) Porous Semiconductor Chalcogenide 
Aerogels. Science 307(5708):397–400. 
25. Yu H, Liu Y, Brock SL (2009) Tuning the Optical Band Gap of Quantum Dot Assemblies 
by Varying Network Density. ACS Nano 3(7):2000–2006. 
26. Kalebaila KK, Brock SL (2012) Lead Selenide Nanostructured Aerogels and Xerogels. Z 
anorg allg Chem 638(15):2598–2603. 
27. Anderson ML, Morris CA, Stroud RM, Merzbacher CI, Rolison DR (1999) Colloidal 
Gold Aerogels:   Preparation, Properties, and Characterization. Langmuir 15(3):674–681. 
28. Polleux J, Pinna N, Antonietti M, Niederberger M (2004) Ligand-­‐Directed Assembly of 
Preformed Titania Nanocrystals into Highly Anisotropic Nanostructures. Adv Mater 
16(5):436–439. 
29. Rechberger F, Heiligtag FJ, Süess MJ, Niederberger M (2014) Assembly of BaTiO3 
Nanocrystals into Macroscopic Aerogel Monoliths with High Surface Area. Angewandte 
Chemie International Edition 53(26):6823–6826. 
	   20 
30. Rechberger F, Mercandetti C, Tervoort E, Niederberger M (2017) Colloidal Nanocrystal-
Based BaTiO3 Xerogels as Green Bodies: Effect of Drying and Sintering at Low 
Temperatures on Pore Structure and Microstructures. Langmuir 33(1):280–287. 
31. Rechberger F, Tervoort E, Niederberger M (2017) Nonaqueous sol-­‐gel synthesis of 
InTaO4 nanoparticles and their assembly into macroscopic aerogels. J Am Ceram Soc 
100(10):4483–4490. 
32. Lesnyak V, et al. (2011) 3D Assembly of Semiconductor and Metal Nanocrystals: Hybrid 
CdTe/Au Structures with Controlled Content. Journal of the American Chemical Society 
133(34):13413–13420. 
33. Sayevich V, et al. (2016) 3D Assembly of All-­‐Inorganic Colloidal Nanocrystals into Gels 
and Aerogels. Angewandte Chemie International Edition 55(21):6334–6338. 
34. Heiligtag FJ, Rossell MD, Süess MJ, Niederberger M (2011) Template-free co-assembly 
of preformed Au and TiO2 nanoparticles into multicomponent 3D aerogels. J Mater Chem 
21(42):16893–16899. 
35. Heiligtag FJ, Kränzlin N, Süess MJ, Niederberger M (2014) Anatase--silica composite 
aerogels: a nanoparticle-based approach. J Sol-Gel Sci Technol 70(2):300–306. 
36. Heiligtag FJ, et al. (2014) Self-Assembly of Metal and Metal Oxide Nanoparticles and 
Nanowires into a Macroscopic Ternary Aerogel Monolith with Tailored Photocatalytic 
Properties. Chem Mater 26(19):5576–5584. 
37. Cheng W, Rechberger F, Niederberger M (2016) From 1D to 3D - macroscopic nanowire 
aerogel monoliths. Nanoscale 8(29):14074–14077. 
38. Cheng W, Rechberger F, Niederberger M (2016) Three-Dimensional Assembly of Yttrium 
Oxide Nanosheets into Luminescent Aerogel Monoliths with Outstanding Adsorption 
Properties. ACS Nano 10(2):2467–2475. 
39. Bergenholtz J, Poon WCK, Fuchs M (2003) Gelation in Model Colloid−Polymer 
Mixtures. Langmuir 19(10):4493–4503. 
40. Luo J, et al. (2015) Gelation of large hard particles with short-range attraction induced by 
bridging of small soft microgels. Soft Matter 11:2494–2503. 
41. Verhaegh NAM, Asnaghi D, Lekkerkerker HNW, Giglio M, Cipelletti L (1997) Transient 
gelation by spinodal decomposition in colloid-polymer mixtures. Physica A: Statistical 
Mechanics and its Applications 242(1):104–118. 
42. de Kruif CG, Tuinier R (2001) Polysaccharide protein interactions. Food Hydrocolloids 
15(4):555–563. 
43. Johnston KP, et al. (2012) Concentrated Dispersions of Equilibrium Protein Nanoclusters 
That Reversibly Dissociate into Active Monomers. ACS Nano 6(2):1357–1369. 
	   21 
44. Kulkarni A, Zukoski C (2001) Depletion interactions and protein crystallization. Journal 
of Crystal Growth 232(1):156–164. 
45. Whitelam S (2010) Control of Pathways and Yields of Protein Crystallization through the 
Interplay of Nonspecific and Specific Attractions. Phys Rev Lett 105(8):088102. 
46. Sciortino F, Tartaglia P, Zaccarelli E (2005) One-Dimensional Cluster Growth and 
Branching Gels in Colloidal Systems with Short-Range Depletion Attraction and Screened 
Electrostatic Repulsion. J Phys Chem B 109(46):21942–21953. 
47. Zaccarelli E, Lu PJ, Ciulla F, Weitz DA, Sciortino F (2008) Gelation as arrested phase 
separation in short-ranged attractive colloid–polymer mixtures. J Phys: Condens Matter 
20(49):494242. 
48. Jadrich RB, Bollinger JA, Johnston KP, Truskett TM (2015) Origin and detection of 
microstructural clustering in fluids with spatial-range competitive interactions. Phys Rev E 
91(4):042312. 
49. Agrawal A, et al. (2017) Resonant Coupling between Molecular Vibrations and Localized 
Surface Plasmon Resonance of Faceted Metal Oxide Nanocrystals. Nano Letters 
17(4):2611–2620. 
50. Akselrod GM, et al. (2016) Efficient Nanosecond Photoluminescence from Infrared PbS 
Quantum Dots Coupled to Plasmonic Nanoantennas. ACS Photonics 3(10):1741–1746. 
51. Choi S-I, Nam KM, Park BK, Seo WS, Park JT (2008) Preparation and Optical Properties 
of Colloidal, Monodisperse, and Highly Crystalline ITO Nanoparticles. Chem Mater 
20(8):2609–2611. 
52. Kanehara M, Koike H, Yoshinaga T, Teranishi T (2009) Indium Tin Oxide Nanoparticles 
with Compositionally Tunable Surface Plasmon Resonance Frequencies in the Near-IR 
Region. Journal of the American Chemical Society 131(49):17736–17737. 
53. Dong A, et al. (2011) A Generalized Ligand-Exchange Strategy Enabling Sequential 
Surface Functionalization of Colloidal Nanocrystals. Journal of the American Chemical 
Society 133(4):998–1006. 
54. Safar M, Bertrand D, Robert P, Devaux MF, Genot C (1994) Characterization of edible 
oils, butters and margarines by Fourier transform infrared spectroscopy with attenuated 
total reflectance. Journal of the American Oil Chemists’ Society 71(4):371. 
55. Rosen EL, et al. (2012) Exceptionally Mild Reactive Stripping of Native Ligands from 
Nanocrystal Surfaces by Using Meerwein’s Salt. Angewandte Chemie International 
Edition 51(3):684–689. 
56. Money NP (1989) Osmotic Pressure of Aqueous Polyethylene Glycols. Plant Physiology 
91(2):766–769. 
	   22 
57. Hansen CM (2007) Hansen Solubility Parameters: A User's Handbook (Boca Raton: 
CRC Press). 
58. Galin M (1983) Gas-liquid chromatography study of poly(ethylene oxide)-solvent 
interactions: estimation of polymer solubility parameter. Polymer 24(7):865–870. 
59. Devanand K, Selser JC (1991) Asymptotic behavior and long-range interactions in 
aqueous solutions of poly(ethylene oxide). Macromolecules 24(22):5943–5947. 
60. Liu Y, et al. (2011) Lysozyme Protein Solution with an Intermediate Range Order 
Structure. J Phys Chem B 115(22):7238–7247. 
61. Ong GK, et al. (2015) Ordering in Polymer Micelle-Directed Assemblies of Colloidal 
Nanocrystals. Nano Letters 15(12):8240–8244. 
62. Lu PJ, et al. (2008) Gelation of particles with short-range attraction. Nature 
453(7194):499. 
63. Carpineti M, Giglio M (1992) Spinodal-type dynamics in fractal aggregation of colloidal 
clusters. Phys Rev Lett 68:3327–3330. 
64. Manley S, et al. (2005) Glasslike Arrest in Spinodal Decomposition as a Route to 
Colloidal Gelation. Physical Review Letters 95(23):577–4. 
65. Beaucage G (1995) Approximations Leading to a Unified Exponential/Power-Law 
Approach to Small-Angle Scattering. Journal of Applied Crystallography 28(6):717–728. 
66. Beaucage G (1996) Small-Angle Scattering from Polymeric Mass Fractals of Arbitrary 
Mass-Fractal Dimension. Journal of Applied Crystallography 29(2):134–146. 
67. Beaucage G (2012) Combined Small-Angle Scattering for Characterization of 
Hierarchically Structured Polymer Systems over Nano-to-Micron Meter. Polymer 
Science: a Comprehensive Reference (Elsevier), pp 399–409. 
68. Jullien R, Kolb M (1984) Hierarchical model for chemically limited cluster-cluster 
aggregation. J Phys A: Math Gen 17(12):L639–L643. 
69. Brown WD, Ball RC (1985) Computer simulation of chemically limited aggregation. J 
Phys A: Math Gen 18(9):L517–L521. 
70. Lin MY, et al. (1990) Universal reaction-limited colloid aggregation. Phys Rev A 
41(4):2005–2020. 
71. Mathur S, Moudgil BM (1997) Adsorption Mechanism(s) of Poly(Ethylene Oxide) on 
Oxide Surfaces. Journal of Colloid and Interface Science 196(1):92–98. 
72. Lafuma F, Wong K, Cabane B (1991) Bridging of colloidal particles through adsorbed 
polymers. Journal of Colloid and Interface Science 143(1):9–21. 
	   23 
73. Wong K, et al. (1992) Intermediate structures in equilibrium flocculation. Journal of 
Colloid and Interface Science 153(1):55–72. 
74. Zhao C, Yuan G, Jia D, Han CC (2012) Macrogel induced by microgel: bridging and 
depletion mechanisms. Soft Matter 8(26):7036–9. 
75. Lindquist BA, Jadrich RB, Milliron DJ, Truskett TM (2016) On the formation of 
equilibrium gels via a macroscopic bond limitation. The Journal of Chemical Physics 
145(7):074906. 
76. Jain PK, Huang W, El-Sayed MA (2007) On the Universal Scaling Behavior of the 
Distance Decay of Plasmon Coupling in Metal Nanoparticle Pairs: A Plasmon Ruler 
Equation. Nano Letters 7(7):2080–2088. 
77. Lin S, Li M, Dujardin E, Girard C, Mann S (2005) One-­‐Dimensional Plasmon Coupling 
by Facile Self-­‐Assembly of Gold Nanoparticles into Branched Chain Networks. Adv 
Mater 17(21):2553–2559. 
78. Barrow SJ, Funston AM, Gómez DE, Davis TJ, Mulvaney P (2011) Surface Plasmon 
Resonances in Strongly Coupled Gold Nanosphere Chains from Monomer to Hexamer. 
Nano Letters 11(10):4180–4187. 
79. Agrawal A, Kriegel I, Milliron DJ (2015) Shape-Dependent Field Enhancement and 
Plasmon Resonance of Oxide Nanocrystals. J Phys Chem C 119(11):6227–6238. 
80. Kim J, et al. (2015) Zinc Oxide Based Plasmonic Multilayer Resonator: Localized and 
Gap Surface Plasmon in the Infrared. ACS Photonics 2(8):1224–1230. 
81. Willets KA, Van Duyne RP (2007) Localized Surface Plasmon Resonance Spectroscopy 
and Sensing. Annual Review of Physical Chemistry 58(1):267–297. 
82. Korala L, Brock SL (2012) Aggregation Kinetics of Metal Chalcogenide Nanocrystals: 
Generation of Transparent CdSe (ZnS) Core (Shell) Gels. J Phys Chem C 116(32):17110–
17117. 
83. Hexemer A, et al. (2010) A SAXS/WAXS/GISAXS Beamline with Multilayer 
Monochromator. Journal of Physics: Conference Series 247(1):012007. 
84. Ilavsky J (2012) Nika: software for two-dimensional data reduction. Journal of Applied 
Crystallography 45(2):324–328. 
85. Lekkerkerker HNW, Poon WCK, Pusey PN, Stroobants A, Warren PB (1992) Phase 
Behaviour of Colloid + Polymer Mixtures. EPL (Europhysics Letters) 20(6):559–564. 
86. Jackson G, Chapman WG, Gubbins KE (1988) Phase equilibria of associating fluids. 
Molecular Physics 65(1):1–31. 
87. Chapman WG, Jackson G, Gubbins KE (1988) Phase equilibria of associating fluids. 
	   24 
Molecular Physics 65(5):1057–1079. 
TOC Figure 
